IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 8, NO. 11, NOVEMBER 2023

7751

Knee Exoskeleton-Enabled Balance Control of
Human Walking Gait With Unexpected Foot Slip

Chunchu Zhu

Abstract—Foot slip is one of the leading causes of fall-related
injuries during human walking. The underlying slip dynamics
help understand bipedal recoverability under gait perturbation
and therefore provide a tool to design proactive slip-induced fall
prevention strategies. We present a new integrated wearable sens-
ing and exoskeleton-enabled fall prevention under unexpected foot
slip. The real-time slip detection is realized with a set of small,
wearable inertial measurements units on both legs. We use the
balance recoverability and inter-limb coordination analyses to de-
sign the balance recovery strategies. The bilateral knee exoskeleton
provides assistive torque control and helps walker to follow the
designed gait recovery strategies. Multiple subject experiments are
presented to demonstrate the exoskeleton-enabled recovery under
foot slip. Various critical metrics, including slip distance, velocity,
swing leg touch-down time, are systematically compared to assess
the efficacy of both the exoskeleton and the controller. The results
confirm that incorporating knee exoskeletons as a balance recovery
method for human walking is a reliable and robust approach to
mitigate or prevent slip-induced falls.

Index Terms—Bipedal walking, foot slip, balance control,
exoskeleton control, slip mechanics.

I. INTRODUCTION

ALLS in elderly and occupational population present ma-

jor health risks and fall-induced injuries is the second
largest contributor for economic burden in the US [1]. It is
imperative to design effective fall prevention intervention to
mitigate and reduce the slip-induced fall injuries. Wearable
robots such as exoskeletons provide assistive balance torques
that would help walkers towards successful slip recovery and
prevent slip-induced falls. Compared with normal walking gaits,
the knee joints have higher torque variations during unexpected
foot slip [2]. In [3], large knee torque peak and its rate values
are suggested for slip balance recovery. Therefore, it is desir-
able to develop a knee exoskeleton-enhanced balance control
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of walking gait under unexpected slip perturbation. Most con-
trol designs of wearable exoskeleton focus on human walking,
running, kneeling, and other steady gaits for rehabilitation and
assistive tasks [4], [5], [6], [7], [8]. All of the above-mentioned
control however cannot be applied directly to balance recovery
under foot slip because the slip and transient gait dynamics are
rapidly changing, particularly for unexpected slip. New recovery
analysis and control design are needed for slip-induced biped
dynamics.

Simple linear inverted pendulum (LIP) model or its variations
capture the basic bipedal walking locomotion properties. The
simplicity of LIP models is attractive for analyzing relationship
between center of mass (COM), zero moment point (ZMP)
and motion stability. In [9], capture point (CP) was utilized to
describe human balance and to inspire the design of control
systems for humanoid robots. The work in [10] extended the
CP concept and proposed a balance recoverability region that
was used to design balance controller for a bipedal robot under
foot slip [11], [12]. The work in [13], [14] used hybrid zero
dynamic (HZD) models to design stable gaits under foot slip
and a feedback control was considered to stabilize the gait. The
above controllers were mainly for bipedal robots and are not
directly applicable for human walkers under unexpected foot slip
due to complex human-robot interactions. Although the HZD
control approach was extended to control lower-limb powered
exoskeletons in [15], it mainly dealt with steady walking gaits.

A few recent studies discussed human balance recovery anal-
ysis under foot slip. An attempt was made in [16] to develop
a wearable knee assistive device to potentially prevent slip-
induced falls but no human slip recovery experiments were
conducted. The study in [17] demonstrated the use of a hip
exoskeleton in assisting elderly and disabled individuals with
balance recovery during unexpected slips. However, the work
did not present a systematic analysis or design of the exoskeleton
controller. The joint angle-based slip detection, although suffi-
cient to prevent false positives, took longer time than human
neural controller. Moreover, the study in [17] used slip-like
perturbations on a treadmill, which did not accurately capture a
real-life foot slip scenario where the slipping leg moves relative
to the ground and causes unpredictable motion dynamics.

In this letter, we present a new integrated wearable sensing and
exoskeleton-enabled balance recovery control of human walking
under unexpected foot slip. The bilateral exoskeleton controller,
inspired by human neural control, leverages coordinated motion
between the slipping stance and the swing legs. We achieve real-
time slip detection through seven wearable inertial measurement
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units (IMUs) attached to the lower limbs. Compared to [18], the
slipping velocity estimation in this work is implemented in real
time. Furthermore, we extend the two-mass LIP (TMLIP) model
and consider the foot base of support, rather than the foot point
contact, as those in [10], [13], [14]. The extended recoverability
analysis includes the actuation bounds and therefore, generates
the feasible targeted recovery motion profile. We also present a
multi-level exoskeleton controller design to use the quasi-direct
drive prototype of a lightweight and flexible knee exoskele-
tons [6], [19]. Human subject experiments demonstrate the
effectiveness of the balance recovery analysis and control. The
main contribution of this work lies in the exoskeleton-enabled
balance recovery control of human walkers under unexpected
foot slip. Our work represents the first systematic design of knee
exoskeleton-enabled slip recovery control.

The remainder of this letter is organized as follows. We present
the slip dynamics and analysis in Section II. Section III discusses
the slip recovery controller design. Section IV describes the
experiments and Section I'V-B presents the experimental results.
Finally, we discuss the concluding summary in Section V.

II. SLIP DYNAMICS AND RECOVERABILITY
A. Two-Mass LIP Model With Foot Slip

Fig. 1 shows a set of snapshots of two types of slip-induced
falls during human walking experiments. Fig. 1(a) shows the
instability-induced fall at the heel touchdown, whereas Fig. 1(b)
illustrates an example of limb-collapse-induced fall. Instability-
induced fall happens when one foot (i.e., right foot) starts to slip
after the heel touchdown and the left foot toeoff. The walker
tries to land the swing leg to the ground and to recover from
slip perturbation. Finally, the gait stability is lost after swing leg
touchdown, as shown in Fig. 1(a). For limb-collapse-induced
fall, the recovered gait is stable but the lower limbs cannot sustain
the gait stability due to weak joint support [20], as shown in
Fig. 1(b).

A TMLIP model is used to capture the human walking motion
under foot slip. Fig. 2(a) illustrates the human lower-limb con-
figuration for IMU-based real-time slip detection, while Fig. 2(b)
shows the kinematic configuration for the TMLIP model for the
single-stance phase. As explained in [10], [21], instead of using
single point mass, the introduction of the TMLIP model mainly
captures the additional degree-of-freedom (DOF) of the foot
sliding motion and also allows that the center of pressure (COP)
can be positioned independently with the stance foot.

Asshownin Fig. 2(b), motions are assumed only in the sagittal
plane and two masses, mj and me, are connected by a massless
rod. Mass m represents the human body and m, for the stance
leg. Same to most LIP models, the height of m; is denoted as
z. and is assumed constant. In inertial frame N, the horizontal
positions of m; and mo are denoted as x1, and x ¢, respectively.
The COP location is denoted as P and its horizontal position is
denoted as u.

Defining § = 21 — x5 as the horizontal distance between 11
and mo and u, = x5 — u, the motion dynamics under normal
walking without foot slip is [10]

Yhs 0 = w2, (0 4 rmu,) (1
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Fig. 1. Two types of slip-induced falls during human walking experiments.
(a) Instability-induced fall at the instant of right foot touchdown and left foot
toeoff. (b) Limb-collapse-induced fall.
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Fig. 2. (a) Schematic of a human lower-limb motion with multiple wearable
IMUs for slip detection and estimation. (b) A schematic of the TMLIP model at
single-stance phase. (¢) Schematic of a treatment of the “virtual” TMLIP model
during double-stance phase.

and under foot slip, the motion dynamics model becomes
PO Szwg(é—i—rmur—&—uzc),

(2)
9 d _ Tm — mitmg :
Ze and ws = ,1wns’ T'm = my Ho1s

the foot/ground friction coefficient. and g is the gravitational
constant. The main difference between models Y,,5 and X, lies
in frequency parameters wys and w, and an additional constant
term pz. in (2).

To maintain balance, the COP must be within the base of sup-
port (BOS). Denoting the BOS boundaries (in the z-direction)
as — (3, and B¢, the COP position u needs to satisfy s — u < 3,
and u — x5 < By, namely, —3; < u, < 3, where 3, > 0 and
B¢ > 0(Bf + B, = p) are the distances from 1y to the rear and
front boundaries of BOS, respectively; see Fig. 2(b).

For double-stance phase, two TMLIP models are used for
both legs, as shown in Fig. 2(c). We introduce a “virtual”
TMLIP model to represent a combined motion of both legs.
The virtual TMLIP is created by considering that mass m1’s

where w,,s =
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velocity (denoted by v) is obtained by v = v; + v,., where v,
and v, are the velocities that are obtained from the left and right
stance’s TMLIP, respectively. The virtual mass o = 2mo and
its position Z is determined by the intersection point of the
normal vector of v and the ground; see Fig. 2(c). The BOS is
also modified at the new virtual TMLIP support location Z.

B. Slip Recoverability Regions

Given (1) and (2), we rewrite the motion dynamics in a unified
form as

§ = w? (6 + rmuy +ug), 3)

where w = wy,s and ug = 0 for non-slip gaits, and w = wy
and ug = pz, for foot slip gaits. Considering initial conditions
(0o, 50) and constant input u,., the solution to (3) is defined
by motion manifold, denoted by M, as a family of hyperbolic
curves as

(0 + Tty + ug)?
(60 + Pt +1u0)? — 25

w

62 Juw?
(S0 + Pt +1u0)? — 25

w

=1

“4)
Motion manifold can be represented geometrically in the 5-6
plane. Fig. 3(a) illustrates the motion manifold M given by (4)
under u,. = 0, that is, nominal manifold [ 10]. The manifolds are
considered as in safe region (green-color curves in the figure) if
the subject might maintain forward progression without fall, or
in fall-prone region (red-color curves) otherwise.

At different locations in the §-6 plane, two types of fall-
prone motions potentially lead to a fall: (i) manifolds leading
to backward falls (e.g., My and M, in Fig. 3(a)); and (ii)
manifolds leading to forward falls (e.g., M3 and My in the
figure). Using the recoverability concept [10] and considering
—Br < u, < By, wedefine safe region R s and fall-prone region
Ry in the 6-6 plane as

Rs={(6,0): 6> —w(d+up+7mpr), and

6 < —w(8 +uo —TmBs)} (5a)
Rp=1{(0,0): & < —w(d+uo+rmBr), or

6 > —w(8 +uo — rmBs)}- (5b)

The boundaries of R, and R; are defined as OR!

= IR} ={(4, 8): 6= —w(d+uo+rmp)} and ORY =
Ry ={(6,6): 0 =—w(d+uo—rmbBs)}

Fig. 3(b) illustrates the safe and fall-prone regions and their
boundaries. In this study, we mainly focuses on backward fall,
that is, in region R?c in the figure, because it is most commonly
happened. Moreover, we use distance to boundary IR, (8721;)
as a metric to quantify the recovery performance and design
target for recovery stepping placement. For example, during slip
single-stance phase, the (4, 5)—trajectory moves from points A
to B (further to D) until backward fall as shown in Fig. 3(b).
By taking a recovery step, the instantaneous change of § would
bring the state at points B to C' (as shown in the figure) in safe
region R s and therefore, help maintain balance. We will present
detailed recovery strategies in Section III.
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Fig.3. (a) Nominal manifolds. The green and red curves are considered as safe
and fall-prone regions, respectively. (b) Safe region R s and fall-prone regions,

ie., Rl} for backward falls and R; for forward falls, with boundaries BRZS
(ORY) and ORY (IRY) in the §-6 plane.

We extend the approach in [18] for real-time slip detection
using the wearable IMUs. A slip indicator, denoted as S;(t),
is used to detect the foot slip onset time in real time. The slip
indicator uses both measured angular and linear accelerations
from the IMUs to ensure higher detection accuracy and lower
latency. An extended Kalman filter (EKF) is also used and
implemented to estimate the stance foot slipping velocity vy
in real time. For details about the slip detection algorithm and
EKF design, readers can refer to [18].

III. EXOSKELETON CONTROL DESIGN

In this section, we first analyze human-inspired gait recovery
strategies and then present the exoskeleton controller.

A. Human-Inspired Recovery Analysis

Studying how humans recover from unexpected foot slip can
provide insights into designing exoskeleton controllers, there-
fore we conducted human subject experiments and collected
data of successful recovery gaits under unexpected foot slip [ 18].
Fig. 4 shows the left- and right-knee joint angles and moments
during normal walking and slip-induced-fall recovery. Normal
walking gait consists of single- and double-stance phases and
similarly slip single- and double-stance phases for gaits under
foot slip. The slip-recovery gait (dashed lines) is normalized with
respect to a normal walking stride duration (solid lines). The
slip started after the right-foot heel touchdown and the left-foot
toeoff. For the swing leg, a large increase in the knee extension
direction was observed as the slip started because the subject
tried to land the swing leg as quickly as possible to maintain
balance. This was also observed from a large increase of knee
moment (left-bottom plot in the figure). For the slipping stance
leg, the knee moment increased in the flexion direction as the
subject tried to slow down the slipping velocity. Finally, the gait
recovered successfully and both knee joints provided extension
moments to avoid limb-collapse fall.

The above observation confirms that higher knee extension
strength, such as greater knee peak torque and greater rate of
torque development, is critical for slip balance recovery [3].
The reactive knee joint moment of the slipping stance leg tends
to slow down the sliding motion to reduce the slip severity and
prevent body falling, which was also reported in [22]. The swing
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Fig. 4.

Human knee angles and moments during normal walking gait and successful recovery gait of backward slip-induced falls. The left and right columns are

for left (non-slip) and right (slip) legs, respectively. The solid and dashed lines are for normal and slip walking gaits, respectively. The top snapshots (with vertical
dashed lines) indicate the major walking gait events during slip recovery gait. The slip walking gait starts at the right foot touchdown and the plot is normalized

with respect to normal walking gait duration.

leg’s large extension knee moment is responsible for moving
towards the CP and land the swing foot onto the ground. These
observation and evidences are used for the exoskeleton control
in Section III-C.

B. Exoskeleton Control Overview

Fig. 5 illustrates the flowchart of the slip detection and ex-
oskeleton control design. The IMU-based slip detection system
begins at the heel strike moment, and determines the onset of the
foot slip and slipping velocity estimation. If the slip indicator
S1 > Sing, Where Sy is the indicator threshold, a foot slip event
is declared and the slipping velocity v is estimated from the
EKFinreal time. The gait recovery controller is designed to help
subject place the swing leg at the desired location and meanwhile
decrease the slipping velocity of the stance leg. When the swing
leg touches down on the ground or the slipping velocity is less
than a threshold value ¢, the anti-collapse controller is applied
to both legs. When the difference between the knee angles and
their equilibria is within a threshold €, the subject is considered
as stable stance. In the following, we describe the exoskeleton
control for normal walking and balance recovery under foot slip.

For normal walking gait, we take the stiffness-based contin-
uous assistive controller from [23]. The stiffness-based design
also serves as a baseline controller for comparison purpose. The
applied assistive torque by the exoskeleton at each leg is

Tk = koM [SOksw (O — 05,) + (1 — So)kst (0 — egt)] , (6)

where k, € [0, 1] is the assistance proportional gain, my, is the
human weight, kg (ks) and 0¢, (05,,) are the stiffness and
equilibrium knee angles for stance (swing) phase, respectively.
Variable Sy is a sigmoid function for smooth transition be-
tween stance and swing and is a function of left- and right-leg
knee angles. Parameter values for Sy are obtained through the
optimization method [23]. The input to (6) is the knee joint
angles that are estimated from the wearable IMUs. The main
advantage of using the stiffness-based exoskeleton controller lies
in continuous torque generation under varying walking speeds
and without need of gait phase estimation. Even under foot slip,
the controller (6) still provides assistive torques.

Heel Strike™)
ﬂag j 0 flag — 0
*‘

| Compute St , vs and update ﬂagl

Recovery Controller
flag=1 t=0

|Anti-collapse controller

End if
lax—az] < €

Fig. 5. Flowchart of the overall exoskeleton controller design.

C. Gait Recovery Controller

When slip initiates at heel touchdown and left-foot toeoff, the
COM lags behind the COP and the body tends to fall backward.
The exoskeleton control is to provide assistive torques for both
legs to adjust the COP position.

1) Swing Leg Foot-Placement Controller: During slip
single-stance phase, the trailing leg swings off the ground.
Inspired by successful human recovery gait, the control strategy
is to land the swing leg on the ground as quickly as possible and
toreset the ZMP to avoid a fall. We need two critical designs: one
is the targeted foot touchdown location and the other is motion
profile for the swing leg.

To design the touchdown location for the swing leg, we use
the safe and fall-prone regions given in (5). When slip starts,
the (4, 5)—trajectory is about to deviate from safe region R to
fall-prone region R y; see Fig. 3(b). For any state (e.g., point
B0, ) )) in R, the goal of the recovery step is to bring back to
a desired state (e.g., point C'(d4, 5d)) in Rs. The desired state is
located on the asymptoteS = Sd = —w;s(0aq + pzc) (i-e., setting
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Fig. 6. Swing leg trajectory planning with the normalized (X, Z). The dotted
blue line is for normal walking and solid green line for slip recovery.

u, = 0in (4)). Denoting the desired foot placement as x,,, then
04 = xp — x1 and we obtain

(N

To design the swing leg controller that complies with subjects’
motion, multiple experiments were conducted and the swing foot
trajectories of recovery gaits were collected. To obtain the swing
foot trajectory (x, z), we use the normalized variables X = z/h
and Z = z/h, where h is the human height. By normalizing the
trajectories, the experimental data indicates that a third-order
polynomial can smoothly capture swing foot trajectories in the
(X-Z) plane, as shown in Fig. 6. The origin of frame N is
considered at the foot touchdown location. Denoting the current
location of the swing foot as (X, Z;) and with the targeted
foot placement location X, = z,/h from (7) (ie., (X,,0)),
a third-order polynomial is built to generate the swing foot
trajectory from (X, Z;) to (X,,0). Due to the momentum of
moving gaits, the swing foot always passes through a point at
(Xp/2, Zinax), where Zy,ax is a specified height. This point is
used to determine the polynomial coefficients.

With the planned swing leg trajectory, we use the two-link
lower-limb kinematics to compute desired knee joint angle pro-
file, denoted as 9,%. An impedance exoskeleton torque controller
is used to expedite the touchdown motion and to land the swing
foot close to the desired position, namely,

Tosw = br (00 = 08) +br (0= 01),  ®

where k7 and b are proportional and derivative gains, respec-
tively, and Hg is obtained by numerical differentiation.

2) Slipping Stance-Leg Controller: From successful human
recovery gait, the applied flexion torques to the stance leg help
decrease the slipping velocity and further save the lower-limb
to collapse. Therefore, we design the exoskeleton controller to
provide counter-slip torque for the slipping stance leg as

§
xpzms—(éd—é):xs+uzc+;+5.

C))
where kg is the propotional gain and o4 is the EKF-based
estimate of slipping velocity v,.

3) Anti-Collapse Controller: As we observed in experi-
ments, human subjects tended to flex the support leg, which
decreased the slip velocity but also caused that the knee flexion
angle of the slipping stance leg increased continuously. There-
fore, after the slipping velocity decreases below a threshold
value ¢,, the exoskeleton needs to exert assistive torques to

Tk,st = ksv.%
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avoid limb-collapse-induced fall. We design a stiffness-based
anti-collapse controller as

Th,ae = kacmn (0 — 0%) , (10

where k 4¢ is stiffness constant and 67, is equilibrium knee joint
angle at stance. In implementation, we estimated the knee joint
stiffness with knee angle and moment profiles that were reported
in [20].

IV. EXPERIMENTS
A. Experimental Setup and Protocols

Fig. 7(a) shows the wearable sensors, bilateral exoskeletons
and integrated embedded and computing devices. Seven IMUs
(from LP-RESEARCH Inc.) were attached to the the subject’s
pelvis, left- and right-thighs, shanks, and heels for data col-
lection and exoskeleton control, as shown in Fig. 2(a). Each
individual IMU includes a 3-axial magnetometer, gyroscope and
accelerometer. A set of 16 reflective markers were attached to
human subjects and a motion capture system (9 Vantage cameras
from Vicon Ltd.) was used to obtain the lower limbs joint angles.
Motion data from the wearable IMUs and motion capture system
were collected at a 100-Hz frequency.

The knee exoskeleton design is compact and light-weight
(unilateral unit weighed 1.7 kg), and provides high-torque out-
put (35 Nm peak torque), large range of motion (0-160 deg
flexion), and high rotation speed (16.2 rad/s). The low-level
controller conducts torque control through the controller area
network (CAN) protocol at 300 Hz. It also communicates with
the high-level control device (Linux embedded system) through
a serial-port interface. The high-level torque controller runs at
100 Hz and takes the joint angles (from IMUs) as inputs. The
exoskeleton is powered by a 36 V Lithium battery with running
time up to 2 hours.

Six young subjects (two female and four male; age: 24.7 &
3.3 years; height: 170 £ 5 cm; weight: 74.1 £ 11.1 kg) were
recruited to participate in experiments. All participants self-
reported to be able bodied and in a good health condition. An
informed consent form was signed by all subjects and the testing
protocol was approved by the Institutional Review Board (IRB)
at Rutgers University. Fig. 7(b) shows the indoor laboratory
setup for unexpected slip experiments. Foot slip was reliably
initiated on the soap water-contaminated floor. The shoe/floor
friction coefficient was measured and confirmed around p =
0.1 [24].

The subjects were instructed to wear a pair of half-covered
goggles, and walk straight on a 7-meter path at their preferred
speed. The subjects were required to walk back and forth for 5
times to get familiar with the devices. They were informed that
there might or might not be a slip during the trial, and therefore,
a foot slip was unpredictable. To ensure their safety, a body
safety harness was used with a rope length that did not hinder
their movements but protected them from falls. The subjects
were asked to step out the right foot at the starting point so that
they stepped on the same region every time. The soap water
was precisely applied to the heel strike position and leading
to slip in walking direction only, allowing for slip initiation
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Fig.7. (a) Wearable sensing units, exoskeletons with integrated embedded and
computing systems and the interconnection among them. (b) Indoor laboratory
setup for slip detection and gait recovery experiments.

while minimizing any potential joint harm to participants. A
slip-induced fall was declared if the hip height decreased over
15 % of its minimum value of normal walking.

Each subject was asked to run three groups of experiments for
multiple times: Group A: no exoskeleton; Group B: exoskeleton
with the baseline controller (6); and Group C': exoskeleton with
the recovery controller (8)—(10). To make sure that the subjects
performed same reactions, they were asked to conduct these
three groups of experiment once the other day. Control systems
parameters were implemented as follows: kg, = 0.038, kg =
0.0046, 65, = 57.52 deg, ¢, = 5.33 deg, kT = 10, by = 0.05,
kac =5, ks =5, Sina = 1.57, v = =377 deg/s, €, = 0.2 m/s,
and ¢, = 5 deg.

B. Experimental Results

The experimental data was collected from 16 trials in each
group. In Group A, 10 trials were unsuccessful in recovering
without the exoskeleton. In Group B, 5 trials were unsuccessful
in recovering with the exoskeleton and baseline controller. In
Group C, all trials successfully recovered from unexpected foot
slips with the proposed exoskeleton controller. During normal
walking without foot slip, subjects had similar kinematic mo-
tions (hip, knee, and ankle angles) regardless of exoskeleton use
(i.e., p > 0.99), and therefore the use of the exoskeletons was
considered transparent.

Fig. 8 shows the kinematic data and the exoskeleton output
from Subject S4 from the time moment of slip occurrence (as
t = 0) to 400 ms after that. A normal walking gait was also
plotted for comparison. Subject S4 fell without wearing the
exoskeletons, and recovered with the exoskeletons under both
the baseline and recovery controllers. Under unexpected slip,
the lower-limb kinematic motions showed a significant change.
In particular, the hip and knee joints of the stance leg showed
more extended compared to the normal walking gait. Compared
with the baseline controller, the recovery control demonstrates
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Fig. 8. Joint angles (thigh, knee and ankle), exoskeleton torques at the swing
leg (left column) and slipping leg (right column) for four experimental condi-
tions: normal walking without exoskeleton (black lines); Group A (red lines);
Group B (green lines); and Group C' (blue lines). The last row indicates the
swing foot trajectory and slipping velocity, respectively.

different performance. Under the baseline controller, an ex-
tension torque was applied on the swing leg, and the stance
leg also experienced a small extension torque, which did not
result in a slipping velocity decrease. In contrast, the recovery
controller was initiated at ¢ = 35 ms when slip was detected. The
swing-leg trajectory touched down much faster (¢ = 180 ms)
than that under the baseline control (f = 300 ms). Moreover,
the applied torque greatly decreased the slipping velocity and
the stance leg stopped shortly after touchdown (¢ = 270 ms).
Finally, the anti-collapse controller prevented subjects falling
from insufficient support with consistent extension torques. The
online planned swing leg trajectory shown at the bottom-left plot
fitted well with the real touchdown trajectory. The EKF-based
slipping velocity estimates matched the actual values closely.

Fig. 9(a) shows the slip detection latency and slipping velocity
estimates of each subject (mean and standard deviation). The
ground truth of the slip occurrence was determined by the
captured motion data and the detection latency was computed
as the difference between the IMU-based detection time and the
ground-truth slip onset time. The slip detection system identified
all slips within 110 ms after their occurrence with slipping
velocity up to 1.2 m/s. The average slip detection latency of
all experiments is 63.2 = 22.3 ms. The safe margin stability is
calculated as the minimum distance from the (9, 5)-traject0ry
to OR., in the 6-6 plane (positive when in R, and negative in
Ry; see Fig. 3(b)). Fig. 9(b) compares the safe margin stability
among the three groups. The safe margin stability significantly
improved with the recovery controller compared with the base-
line controller or without exoskeleton.

Fig. 9(c) compares the swing leg’s ROM, step height, and
touchdown time for all trials during foot slip. With the recovery
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Fig. 9. (a) Comparison of the slip velocity vs and the slip detection latency

(mean value and standard deviation) for each subject. (b) The safe margin
stability comparison (mean value and standard deviation) among Groups A, B,
and C'. (c) ROM, step height, and touchdown time comparison (mean value and
standard deviation) of the swing leg among Groups A, B, and C'. (d) ROM, peak
slipping velocity, and slipping distance comparison (mean value and standard
deviation) of the slipping leg among Groups A, B, and C'. The label * indicates
a significant (p < 0.05) difference among trials.

TABLE I
KINEMATIC DATA COMPARISON BETWEEN THREE GROUPS

Group zs (m) v (m/s) Stability TD Time (ms)
A 0.48 £0.05| 3.2+ 1.12 | —0.05+0.19 332 £50
B 0.43+0.06 | 29+0.72 | 0.06 + 0.15 258 + 23
C 0.39 £0.03 | 2.1 £0.40 0.30 £ 0.08 235 £+ 40

controller, the swing leg’s ROM showed greater variation due
to extension torques. Both the baseline and recovery controllers
reduced step heights with smaller variance, which increased the
chance of successful recovery. The recovery controller further
reduced step heights with the planned trajectory. Additionally,
the average touchdown time of Group C was significantly re-
duced compared to Groups B and C. Similarly, Fig. 9(d) shows
that the ROM of the slipping leg significantly increased under
the recovery controller, indicating flexion motion and balance
recovery. Furthermore, the peak slipping velocity was notably
reduced by the applied flexion torques on the stance leg. This
trend was also observed for slipping distance, and the recovery
controller was found to be the most effective.

Table I summarizes the numeric values of the selected metrics.
From the results in the table, the touchdown time of the subjects
in Group C' was obviously decreased by about 90 ms compared
with Group A and about 23 ms compared with Group B. Same
trend is also observed for maximum slipping velocity, the slip
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Single-stance
with slip’

Fig. 10.  Recovery motion manifold comparison among three groups. The red
shaded area (mean and standard deviation) represents the unsuccessful recovery
cases in Group A and B, while the green and blue shaded areas (mean and
standard deviation) represent the successful recovery cases in Groups B and C,
respectively. The triangle markers “A” represent the onset of the slip, circular

markers “o” represent the beginning of recovery steps, the stars markers “%”’

represent the ending points of successful recovery gaits (Groups B and C') and
the diamond marker “4” represent the ending point of unsuccessful recovery
gait (Group A).

distance, and the safe margin stability. A one-way repeated
measures analysis of variance (ANOVA) was conducted to
evaluate the impacts of the exoskeleton on the above-mentioned
metrics. The p-values for all seven metrics were significantly less
than 5%. A Tukey test was performed and it demonstrated that
the exoskeletons provided assistive torques to enhance balance
recovery under unexpected foot slip for different subjects with
no need of training, (see Fig. 9(b), (c), and (d)).

Fig. 10 further shows the recovery trajectory profiles in the
0-0 plane for 18 experiment trials (one representative trial from
each subject under each group). The (4, 5)-trajectory started in
fall-prone region R in single-stance phase (red thick dashed
line as the mean value and the pink shared area as the standard
deviation) with foot slip. When the swing-leg touched down, the
trajectories split into three different groups. The red shaded area
(mean and standard deviation) shows the unsuccessful recovery
(Group A and part of Group B). The subjects tried to maintain
balance but because of either slow response or improper foot
placement, the COP were not reset into the BOS and no recov-
ery was obtained. The green shaded area (mean and standard
deviation) is the successful recovery under the baseline control
(Group B). Although the controller brought the gaits into the safe
region, the (9, ) )-trajectory was close to the safety boundary with
small recoverable margins. Finally, under the recovery control
(i.e., blue shaded area from Group C), the swing leg touched
down in the safe region with exoskeleton assistance, and the
trajectory calculated from the TMLIP model was maintained far
away from the safety boundary.

C. Discussion

The main contribution of this work is the integrated wearable
sensing and knee exoskeleton system for balance recovery con-
trol under unexpected foot slip. This work presents a systematic
analysis and design of knee exoskeleton-enabled gait recovery
under slip perturbation. The selection of the knee exoskeleton
for this investigation is well-justified, given its documented
significance in slip recovery gait [22]. All the presented results
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indicate that the intergrated knee exoskeleton system provided
assistive toruges to promote balance recovery under foot slip.
The exoskeleton control was also adaptable to different subjects
without requiring any trainning for successful implementation.
The averaged detection time of the IMU-based slip detection
system was around 63 ms, which is much shorter than human
voluntary reaction time (around 200 ms [25]) and joint angle
based detection method [17] (about 350 ms). Unlike the simu-
lated foot slip perturbation on treadmill (e.g., [17]), this work
used real-life slip generation experiments and therefore, reflects
slip recovery reality.

Although this work primarily focuses on backward falls (i.e.,
M and M, in Fig. 3(b)), the recovery control strategy can be
further extended to handle other types of falls, such as the man-
ifolds leading to forward falls (i.e., M3 and M, in Fig. 3(b)).
Moreover, the motion manifold in Fig. 3 is related to the margin
of stability (MOS) that was presented in [17], [26]. The MOS
was built on single-mass LIP model with the assumption that
rs = &5 = 0, which cannot capture ankle-actuated moments
under slip condition. We therefore proposed to use the relative
position ¢ of the TMLIP model to address the shortcoming of
the LIP model. The use of the safe and fall-prone regions not
only enables to determine the recoverability condition but also
helps design the desired targeted COP profile.

There are still some limitations in this study. For example, the
slip detection system needs to use seven wearable IMUs and the
communication between the IMUs, upper-level controller, and
the exoskeleton is redundant. Furthermore, the control strategies
are based on the TMLIP in the anterior-posterior plane. One
recent research work indicated that humans reacted to unex-
pected slips in both lateral and anterior-posterior directions [27].
It would be helpful to extend the research to consider motions
in the lateral direction. It is also desired to further reduce the
device weight for personal daily activities.

V. CONCLUSION

This letter presented a thorough analysis of biomechanics,
slip dynamics, and exoskeleton control strategy for balance
recovery in human walking gait under unexpected foot slip.
The TMLIP model and motion manifolds were extended to
investigate gait recoverability under foot slip perturbation, and
foot-placement and gait recovery strategies were presented for
knee exoskeleton control to maintain gait balance. Experimental
results demonstrated the effectiveness of the exoskeleton con-
troller in enhancing gait recovery and confirmed its superiority
over the baseline walking assistive control. One future research
direction includes improving wearable sensing and exoskeleton
systems to prevent potential slip-and-fall incidents for industrial
workers in workspace.
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